Halogenated organic compounds are common pollutants in groundwater. Consequently, there is widespread interest in understanding the reactions of these compounds in the environment and developing remediation strategies. One area of ongoing research involves the reductive dechlorination of organohalides with zero-valent metals or metal sulfide minerals. These processes have been studied almost exclusively from the perspective of the aqueous phase. In this paper we illustrate the utility of surface analysis techniques, including electron spectroscopies, vibrational spectroscopies, and atomic force microscopy in elucidating the roles played by the surface. A dual analysis approach to the study of reductive dechlorination, combining traditional solution phase analysis with surface analytical techniques, also is demonstrated using a liquid cell coupled to an ultrahigh vacuum surface analysis chamber.
Introduction
Water-solid interfaces play a key role in numerous processes of environmental importance. Dissolution and precipitation of mineral phases, adsorption of inorganic and organic species, electron transfer, photochemical processes, and microbial mediation all involve the interface between an aqueous solution and a mineral surface [1] [2] [3] [4] [5] [6] [7] [8] . The nature of the surface will control the activity of the solid phase as well as the adsorption characteristics of species from solution. An understanding of the chemical composition and structure of the solid surface is required in order to achieve a molecular-level mechanistic conceptualization of these processes and enhance our predictive powers. Consequently, traditional surface science tools are finding new applications in mineralogical and environmental studies.
One area of ongoing study involving the solid-water interface involves the fate of halogenated compounds in the environment. Organohalides comprise 17 of the 25 organic pollutants most frequently detected in US groundwater [9] and over half of the US Environmental Protection Agency's Priority Pollutant list [10] . Recent investigations into their reductive dehalogenation reactions with zero-valent iron have led to the successful development of permeable reactive barriers employing Fe(0) for containment of contaminated groundwater [41, 42] . In a process equivalent to corrosion, Fe(0) donates an electron to the organohalide, which thereby is reduced to form less highly halogenated products and halide ions in solution. Iron sulfide minerals also have been shown to reduce low molecular weight organohalides [43] [44] [45] [46] [47] [48] ; such reactions may play an important role in the natural attenuation of halogenated compounds in the environment.
Laboratory studies of reduction by zero-valent iron to date have investigated the kinetics of the dehalogenation reaction and probable mechanisms [11-14, 16-21,23,26,27,29-31,34,35,37-39,49-52] , as well as the rate enhancement obtained with bimetallic reductants (consisting of a catalytic metal such as Ni or Pd plated onto the zero-valent iron) [15, 22, 33, 36, 51, [53] [54] [55] [56] [57] [58] . Additional studies using column reactors and pilot-scale permeable reactive barriers in the field [24, 28, 32, 59, 60] have examined the efficiency and longevity of Fe(0) barriers under operating conditions. With few exceptions [26, 55] , these studies have involved analysis of the solution by conventional "wet chemistry" tools such as gas chromatography and gas chromatography-mass spectrometry (GC-MS).
In this paper, we illustrate how surface analytical techniques, including Auger electron spectroscopy (AES), X-ray photoelectron spectroscopy (XPS), attenuated total reflection Fourier transform infrared spectroscopy (ATR-FTIR), micro-Raman spectroscopy, and atomic force microscopy (AFM) can be employed to investigate aspects of chlorocarbon reactions with zero-valent metal reductants and metal sulfides. Additionally, we demonstrate how a liquid cell coupled to an ultrahigh vacuum (UHV) chamber can be used to combine information about surface composition with measurements of reaction rates to develop a more complete picture of the liquid-solid interface. This approach provides an extremely powerful combination capable of elucidating processes pertinent to environmentally relevant liquid-solid interfaces.
Surface analytical techniques

Electron spectroscopies
X-ray photoelectron spectroscopy (XPS) and Auger electron spectroscopy (AES) provide information on the chemical composition of the surface by measuring the element-specific kinetic energy of the electrons ejected subsequent to excitation by either an X-ray or electron beam, respectively [61] [62] [63] . The inelastic mean free path of the ejected electrons limits the volume of the sample probed, and therefore both techniques are sensitive to species within the near-surface region of the sample. For 500 eV electrons in a typical metal, >80% of the detected signal will come from within 2 nm of the surface. The concentration profile of chemical species below the interface can also be obtained by employing ion sputtering in conjunction with either technique [64] .
In addition to providing quantitative information about the sample surface, AES can be used for imaging studies. Because a well-focused incident electron beam can be raster-scanned across the sample surface, elemental maps can be created showing the spatial distribution of each element at the surface. The strengths of XPS are complementary to those of AES. Although XPS does not readily provide spatially resolved information, it is sensitive to the oxidation state of the chemical species. High-resolution scans of specific elemental regions provide a means to understand the chemical state of the surface species in addition to the elemental composition.
Auger electron spectroscopy for characterization of bimetallic reductants
Bimetallic reductants, consisting of palladium or nickel plated onto zero-valent iron, were characterized in order to better understand the relationship between surface composition and reactivity towards reductive dehalogenation of organohalides. The amount of the plated metal (both nickel and palladium) on the iron surface, as well as its distribution on the surface and through the near-surface region, was investigated using AES.
Experimental details.
Auger spectra, elemental maps, and depth profiles were obtained with a Physical Electronics ( ) 610 Scanning Auger Microprobe operating in an ultrahigh vacuum (UHV) chamber with a typical base pressure of 1 × 10 −8 Torr. Samples were probed using a 5 keV electron beam operating with an emission current of 100 A at 30 • from the sample normal. Spectra and elemental maps were acquired using a beam raster size of 100 m × 100 m.
A 04-303 differentially pumped ion gun (3 keV, 25 mA) in conjunction with the AES spectrometer was employed for the depth profiles using an Ar pressure within the gun of 15 mPa. The Ar pressure was held constant throughout all experiments in order to ensure equivalent sputtering rates. The gun was oriented approximately normal to the sample surface and focused to a 2 mm × 2 mm spot. Data were acquired at 10 min intervals. The typical operating pressure within the UHV chamber during sputtering was 1 × 10 −7 Torr. Fig. 1 presents the Auger spectra of three different samples of Ni-plated iron prepared by an electroless deposition technique involving exposure of iron powder to an aqueous solution of NiCl 2 . The iron samples corresponding to the spectra in Fig. 1(a) and (b) were prepared using the same 1.0 mM NiCl 2 solution. Sample (a) was exposed for 1 min while sample (b) was exposed to the solution for 10 min. Fig. 1(c) represents the spectrum of an iron sample that was exposed to a 100 mM NiCl 2 solution for 10 min. The AES spectra indicate that all three samples contain carbon (264 eV), oxygen (512 eV), iron (596, 650 and 700 eV), and nickel (728 and 848 eV). The notable difference between the spectra is the relative intensity of the nickel peaks. The ratio of the peak-to-peak heights of the differentiated nickel and iron peaks provides a quantitative measure of nickel loading. In this case, the percent composition of nickel on the sample surfaces is 9.6, 28.1 and 63.6% for Fig. 1(a) -(c), respectively. Quantitative characterization of the surface in these systems currently is being used to understand the relationship between nickel loading and the rate of dechlorination of cis-1,2-dichloroethene in batch reactor systems as measured by gas chromatography. Fig. 2 presents two elemental maps produced by AES imaging for a sample of nickel-plated iron. The two images were produced for the same 100 m × 100 m area of the sample. The image on the left ( Fig. 2(a) ) shows the variation in the intensity of the iron Auger peak at 650 eV as the beam was raster-scanned over the sample. Because the sample consists entirely of iron particles, the iron elemental map reflects the topography and spatial distribution of the particles. The image on the right ( Fig. 2(b) ) depicts the variation in the intensity of the nickel Auger peak at 848 eV across the sample surface. As seen in this elemental map, nickel is distributed heterogeneously, appearing in localized patches on some iron grains, but not on others. Thus, it appears that the surface is not covered by a uniform layer of nickel, but rather is composed of a heterogeneous patchwork of nickel and iron. The heterogeneous distribution (islanding) of nickel is consistent with the fact the metal is being plated on an iron surface, which is itself composed of a heterogeneous oxide overlayer. Such information can be important in comparing the behavior of different systems employing bimetallic reductants because the dispersion of the catalytic metal on the base metal, in addition to the total loading, can affect reactivity [65] .
Quantification of bimetallic metal loading.
Spatial distribution of catalytic metal with AES imaging.
Depth profiles to determine surface availability of plated metal.
In addition to providing spatially resolved information across the iron surface, AES can be used to characterize the distribution of the catalytic metal as a function of depth below the surface. Auger spectra of the two samples before sputtering (data not shown) revealed that the Pd:Fe ratio of sample (a) was more than an order of magnitude greater than the ratio obtained from sample (b). The depth profile in Fig. 3 (a) indicates that the Pd:Fe ratio decreases as the surface is sputtered, suggesting that the Pd is present at the surface of the iron particles and is removed as sputtering continues. In contrast, the depth profile in Fig. 3(b) shows that the Pd:Fe ratio initially increases through the first few sputtering cycles and then falls off. The shape of the profile shown in Fig. 3(b) suggests that the palladium does not reside at the surface of the bimetallic particle but is at least partially buried underneath an iron-containing overlayer. As a semi-quantitative comparison of the depth profiles, rough polynomial curve fits were performed on each profile in Fig. 3 (data not shown). Analysis of the resulting fits indicates that the integrated areas under the curves are equivalent within a factor of three, suggesting that the difference between these samples is the availability of the palladium at the surface, not the total amount plated. AES depth profiles have been used to explain differences in reactivity of Pd/Fe particles as a function of preparation method [66] . The growth of iron oxides on bimetallic surfaces has been implicated previously in the finite lifetime of these bimetallic systems [55, 60] . Depth profiles through the near-surface can provide direct evidence of the cause of this phenomenon: the reduced availability of the catalytic metal at the surface [66] .
X-ray photoelectron spectroscopy (XPS)
2.1.2.1. Experimental details. Spectra were obtained with a Physical Electronics ( ) 10-360 Precision Energy Analyzer using the Mg K␣ line (1253.6 eV) of a 04-500 Dual Anode X-ray Source at 15 kV and 300 W. All spectra shown were obtained with a pass energy of 44.75 eV and a resolution of 0.125 eV per step. XPS analyses of Pd/Fe reductants in Section 2.1.2.2 were carried out in a UHV chamber with a base pressure of 2 × 10 −8 Torr. Binding energies for the Pd/Fe spectra were referenced to the adventitious carbon 1s peak at 284.6 eV [67] . XPS analyses of pyrite in Section 2.1.2.3 were carried out in a UHV chamber with a base pressure of 4 × 10 −10 Torr. Binding energies were referenced to the S 2p peak from the bulk pyrite disulfide species at 162.3 eV [68] . A 04-300 ion gun (2 keV, 25 mA) was employed for the pyrite surface modifications using an Ar pressure within the gun of 15 mPa. The gun was oriented approximately 45 • to the sample surface and focused to a spot slightly larger than the area of the sample surface (∼1 cm × 1 cm). 
(b) Fig. 3 . Ratio (peak-to-peak heights of AES data) of the Pd signal to the Fe signal during depth profiles of two different bimetallic samples. The Pd signal decreases throughout the sputtering process on sample (a), but appears to increase over the first few sputtering cycles on sample (b) before decreasing at longer sputtering times.
XPS for characterization of bimetallic reductants.
The same palladium-iron bimetallic reductants discussed above were also examined by XPS. The resulting spectra of the Pd 3d 5/2 -3d 3/2 doublet are shown in Fig. 4 . The position and widths of the peaks in the two spectra are very similar, suggesting that the oxidation state distribution of the palladium in the two samples is similar. Additionally, the position of the peaks at 340.1 and 335.1 eV is in close agreement with previously reported values of the binding energies for Pd(0) [55] . Because only the zero-valent state of the palladium is expected to provide enhanced reactivity, such analyses can be invaluable to investigations of bimetallic reductants. 
XPS for characterization of chemical speciation at pyrite surfaces.
The oxidation state information obtained from XPS is also useful in studying the chemical speciation of both Fe and S in pyrite. Previous studies have shown that specific surface defect sites exhibit enhanced reactivity towards water [68, 69] . For the study of organohalide reactions with pyrite, surface modification by ion bombardment, together with a determination of the chemical speciation of the surface by XPS, can be used to create surfaces with known quantities of defects. Fig. 5 shows the S 2p region of two different pyrite samples. The top spectrum ( Fig. 5(a) ) is a natural pyrite (1 0 0) crystal face that was ultrasonically cleaned in methanol and acid-washed prior to introduction to the surface analysis chamber. The major contribution to this peak is the 2p 3/2 -2p 1/2 doublet of the disulfide species at 162.3 and 163.5 eV [68] . After 55 min of sputtering with an Ar + ion gun, the bottom spectrum (Fig. 5(b) ) is observed. Here a different peak shape is observed due to the contribution of the monosulfide species (sulfur vacancy sites) at lower binding energies of 161.5 and 162.7 eV [68] . XPS data such as these provide a means of understanding which chemical species may be playing a role in subsequent reactions of the pyrite surface with organohalides in aqueous environments (see Section 2.4 below).
Vibrational spectroscopies
Infrared absorption and Raman spectroscopies have found widespread use in the study of bulk samples for decades and are applicable to the study of surface species as well [70] . By probing vibrational bands, these spectroscopies can be used to identify the chemical nature of adsorbed species and surface phases.
Although the penetration depth of the incident photons limits the surface sensitivity of both techniques, the choice of experimental geometry can favor surface specificity. The attenuated total reflection (ATR) geometry employed in the FTIR experiments described below makes it possible to selectively probe the surface of the iron sample placed in close contact with the ATR crystal. The evanescent wave generated by reflection of the infrared radiation at the internal surface of the ATR crystal penetrates only a few hundred nanometers into the sample [71] . The point-contact capabilities of the ATR accessory allows for analysis of small particles as well as larger coupons or foils.
Raman scattering is inherently a weak process, which makes the study of a small number of surface species difficult. The use of modern charge-coupled device (CCD) detectors, however, can compensate for the low sensitivity of the technique. One advantage of Raman spectroscopy is the ability to probe low frequency vibrations that are inaccessible with infrared absorption techniques. For example, bonds involving metallic species, such as the Fe-O bonds in iron oxides, can be probed. Additionally, micro-Raman spectroscopy can be employed in spatially resolved studies by coupling the Raman spectrometer with a microscope.
Attenuated total reflection Fourier transform infrared spectroscopy
Experimental details.
Spectra were acquired on a Mattson Infinity Series FTIR with a mercury cadmium telluride detector at a resolution of 2 cm −1 . Surfaces of iron coupons goodfellow were examined by means of an attenuated total reflection device (SpectraTech Thunderdome) employing a germanium crystal in point-contact mode. Spectra were created by background subtraction of an unreacted iron coupon.
ATR-FTIR for monitoring silica uptake by zero-valent iron.
One area of ongoing research in the study of permeable reactive barriers is the effect of common constituents of groundwater on the longevity of the barrier [24, 32, 59] . For example, adsorption of large quantities of silica may affect the reactivity of iron-based barriers over time. Consequently, the kinetics of silica adsorption on granular iron must be understood.
Silica (SiO 2 ) uptake by iron coupons in buffered solutions that simulate groundwater was monitored by ATR-FTIR. Because the Si-O stretch has a strong IR absorbance near 1000 cm −1 , FTIR is very sensitive to the presence of silica. Point-contact mode attenuated total reflection FTIR, which brings solid surfaces into intimate contact with the ATR crystal, is ideally suited to studying the chemical species present on an iron coupon. Fig. 6 illustrates the spectra obtained from iron coupons removed from a 100 mg/l SiO 2 solution and rinsed after 1 day and 7 days. For comparison, a spectrum of albite, NaAlSi 3 O 8 , also is shown. Although Si-O absorbance can be seen after 7 days of exposure of the SiO 2 solution to the iron foil, the peak shape is differs from that observed from albite as a result of the dissimilar chemical environments of the Si-O species in the silica adsorbed to the iron foil compared to the silicate mineral. As illustrated by the in- crease in the peak area with increasing exposure time, monitoring the Si-O stretch in the IR spectrum of the iron surface provides a means of investigating silica adsorption as a function of time or other experimental variables (e.g. pH).
Micro-Raman spectroscopy
Experimental details.
Raman spectra were acquired on a Renishaw 1000 Raman microscope system consisting of an Olympus microscope, a spectrograph fitted with holographic filters, and a Peltier-cooled CCD detector. The 632.8 nm line of a Melles Griot 35 mW HeNe laser was used for excitation. The focused laser spot size was approximately 2 m in diameter.
Micro-Raman spectroscopy for oxidation product identification.
As mentioned in Section 2.1.1.4, the formation of oxides on iron particles can have a significant impact on reductive dehalogenation by bimetallic particles [55, 60] . It has also been speculated that semiconducting iron oxides may play a role in organohalide reduction by granular iron [50, 72] . For these reasons, identification of the specific iron oxide phases present on the surface may be important in understanding the factors controlling longevity of permeable reactive barriers. Micro-Raman spectroscopy has the ability to identify iron oxide phases based on the unique vibrational bands associated with each crystalline phase. Fig. 7 presents Raman spectra from four separate point analyses of iron grains taken from a laboratoryscale column reactor [73] . Although none of the spectra is representative of a pure mineral phase because each spot analyzed contains a mixture of iron oxide precipitates, each spectrum reveals the presence of a unique iron oxide phase within the probed volume. These can be assigned based on the position and relative intensity of the lines observed in the spectrum [74] [75] [76] . Specifically, goethite (␣-FeOOH) is observed in Fig. 7(a) , green rust (mixed valence Fe(II)-Fe(III) layered double hydroxide compounds) in Fig. 7(b) , hematite (␣-Fe 2 O 3 ) in Fig. 7(c) , and lepidocrocite (␥-FeOOH) in Fig. 7(d) . These spectra illustrate the large variety of iron oxide phases formed as a result of the oxidation of the metal surface in a column reactor.
Atomic force microscopy (AFM)
Atomic force microscopy uses the interatomic forces between a cantilever-mounted tip and the sample surface to map out the topography of a surface [77] . Although this technique provides no means for chemical contrast or identification, it provides morphological information on length scales that can approach atomic resolution. Consequently, structural changes accompanying surface reaction (e.g. oxidation) can be examined.
Experimental details
AFM images were acquired in contact mode on a Burleigh Metris 2000NC atomic force microscope using a Si probe with a 1:1 conical tip (radius of approximately 100 Å). The resonant frequency of the tip was approximately 15 kHz with a nominal stiffness of 0.1-0.34 N/m. A three-point plane removal filter was performed on each image prior to analysis.
AFM for characterization of surface morphology
The (1 0 0) surface of a pyrite single crystal is shown in Fig. 8 . This natural surface is not atomically smooth, but rather is composed of a series of terraces separated by steps. Previous studies of the electronic structure of the pyrite (1 0 0) surface by scanning tunneling microscopy (STM) have suggested that step edges may be sites of enhanced conductivity, which could affect pyrite redox reactivity [78] . If step edges or other surface sites of higher reactivity are primarily responsible for reduction of organohalide species in solution, an examination of the morphological changes in the surface after exposure may offer clues about the nature of the reactive sites.
UHV-coupled liquid cell for investigations of pyrite reactive sites
All of the techniques mentioned above provide information about the nature of the reductant surface that is complementary to the traditional solution-phase analysis of the organohalide and its dehalogenation products for kinetic or mechanistic investigations. One limitation of these surface techniques, however, is the ex situ nature of the analyses. In each case, the sample is removed from (or returned to) the reaction medium and is exposed to the atmosphere during the transfer. This brings an added degree of uncertainty to the analysis because of the indeterminate effect of additional oxidation by atmospheric oxygen and water and contamination from background species.
One way to minimize this problem is to avoid exposing the sample to the atmosphere during the transfer to and from the surface analysis apparatus. Such a system has been developed to explore the relationship between surface composition and reactivity at the liquid/solid interface. A schematic of the experimental setup is illustrated in Fig. 9 . A glass reaction vessel is coupled to an ultrahigh vacuum (UHV) chamber containing an XPS analysis system and an ion gun. When the system is open to the reaction vessel, the high-pressure side of the vacuum system is backfilled with nitrogen. The solution is deoxygenated prior to initiation of the reaction, and an overpressure of nitrogen in the reaction vessel maintains an anoxic environment throughout the course of the reaction. To perform a surface analysis, the sample is pulled up into the chamber, the gate valve to the reaction vessel is closed, and the high-pressure side of the vacuum system is pumped down by means of a combination of a membrane pump, sorption pump, and turbomolecular pump. The sample can then be transferred into the UHV environment for surface analysis. The sample may be moved back and forth between the reaction vessel and analysis chamber as often as desired without ever exposing the sample to the atmosphere. This approach also can be used to prepare model surfaces in the analysis chamber and to study their subsequent reactivity towards chlorocarbons in solution.
The experimental apparatus described above was used to investigate the effect of pyrite surface composition on the dechlorination reaction of the herbicide alachlor (2-chloro-2 ,6 -diethyl-N-(methoxymethyl)-acetanilide). The UHV-coupled reaction vessel permitted creation of different surfaces with an Ar + ion gun, characterization of the surface with XPS (see Fig. 5 ), and transfer of the sample to the reaction vessel containing the alachlor solution without introduction of atmospheric oxygen or water.
The natural and sputtered pyrite samples corresponding to the XPS spectra in Fig. 5 were each transferred in turn to the reaction vessel and solution aliquots were removed over a period of days while the sample reacted. The appearance of the dechlorination product, 2 ,6 -diethyl-N-(methoxymethyl)acetanilide (deschloroalachlor), was measured by gas chromatography-mass spectrometry (GC-MS). The concentration of deschloroalachlor as a function of time is plotted in Fig. 10 for each of the pyrite surfaces. As can be seen from the shape of these curves, the two surface compositions result in very different dechlorination kinetics. The natural surface ( Fig. 10(a) ) exhibits a decrease in reaction rate as a limited number of sites appear to become depleted over the course of the reaction. In contrast, the sputtered sample ( Fig. 10(b) ) exhibits an initial induction period at the beginning of the reaction, during which very little dechlorination is observed. That the monosulfide defects created by the sputtering process are consumed in the presence of water over a length of time equivalent to the induction period, together with the data presented in Fig. 10 , suggests that these defects are not the sites responsible for the dechlorination of alachlor [79] . Current studies in our laboratory also are employing the UHV-coupled liquid cell in studies of the adsorption kinetics of silica, while future studies will combine electrochemical studies of chlorocarbon reduction in the cell with surface characterization. Thus, the UHV-coupled reaction vessel makes possible the union of traditional solution phase analysis and modern surface analytical techniques. Experiments such as the pyrite reactivity studies described above illustrate how information from both halves of the solid-solution interface can be brought together to more fully understand environmentally relevant redox processes.
Conclusions
All the surface analytical techniques discussed here are an integral component of our studies of reductive dehalogenation. By combining the surface characterization of the reductant with measurements of the reaction kinetics in the aqueous phase, this approach allows us to examine the influence of initial composition on observed reactivity trends, monitor adsorption phenomena, and explore the relationship between long-term performance of remediation technologies and surface evolution. The utility of this approach in our studies of the reactions of organohalides with metal and mineral surfaces suggests that surface analysis will continue to find many new applications in the environmental sciences.
